Chick growth and fledgling performance of Streaked Shearwaters (n=89 and 1990. Chicks hatched in mid August (13th, 17th) on average, with a mean body mass of 59-73g (11-13% of 552g mean adult mass). Adults stayed with their chicks for four days on average after hatching. Exposed culmen, tarsus, and wing lengths of chicks at hatching were 42%, 38% and 8% of mean adult sizes of 49, 51 and 310mm, respectively. Chicks attained mean adult body mass at around 40 days old in mid September. Peak body masses (734-739g) were reached on average in mid October at around 70 days old, and were about 33-34% heavier than mean adult size. Weight recession prior to fledging resulted in the loss of 30% of the peak body mass over the last three weeks, and chicks fledged at body masses of 519-522g that did not significantly differ from the 508g mean adult or subadult masses in autumn. Individual chicks increased body mass in an erratic fashion at intervals of from a few days to a week throughout the nestling period. Body mass and bony parts (culmen and tarsus) attained maximum increase rates (13.8g, 1.0 mm and 0.6mm/day, respectively) by days 9-22, while flight feathers as well and tail feathers that emerged at 39 days on average, grew most rapidly at about 62-75 days (3.0 mm/day [for remiges] and 4.3mm/day [for rectrices] ). Chicks fledged almost at adult sizes (adult body mass and lengths of culmen and tail, but with 2% shorter tarsus and wing than adults). All of the growth rate constants ks, were very low at 0.05 for body mass, exposed culmen and wing, and at 0.08 for tarsus (only the tail constant was higher). These low values were typical of semi-precocial birds. Last feeding of chicks by parents occurred when chicks were 82 days old (7 November) on average and chicks were not fed for nine days on average prior to fledging. The mean length of the nestling period was 90-91 days, which ended on 13-17 November on average. Fledging success rate for chicks that had hatched was very low (21%) at the colony near the garbage dump, compared with two other areas with less human activity (68-72%). Most chicks were lost due to predation by feral cats and rats.
Introduction
Procellariiform seabirds lay a single egg annually, and exhibit prolonged incubation.
Nariko Oka, Hitoshi Suginome, Norio Jida and Naoki Maruyama down-covered neonate has been brooded for only a short time, hence such seabirds are classified as semi-precocial (Nice 1962) . Hatchlings of some species have been shown to gain thermoregulatory ability quickly and to be physiologically mature at a very early age (Visser 1998) . Chicks tend to be fed large, high lipid content meals (consisting of a specialized stomach oil) that can result in chicks being large and overweight during the middle of the nestling period. Toward fledging, however, chicks are not fed, in a process described as parental desertion (see review in Warham 1990 ). These adaptations in chick development are prominent among trans-equatorial migrants, such as Manx Shearwaters Puffinus puffinus (Harris 1966 , Brooke 1990 ) and Short-tailed Shearwaters Puffinus tenuirostris (Oka 1989 (Oka , 1991 , but are also found among circumpolar species, such as the Southern Giant Petrel Macronectes giganteus (Conroy 1972 , Hunter 1984 . Their slow growth pattern and nestling obesity play important roles in chick survival before and after fledging, and have been interpreted as providing an adaptive buffer against failure in meal delivery resulting from poor oceanographic or climatic conditions (Lack 1968) or from the standpoint of stochastic variability in the foraging success of parents (Ricklefs & Schew 1994 ).
The Streaked Shearwater Calonectris leucomelas is a medium-sized shearwater that breeds at islands mainly in warmer current and convergent waters around Japan and migrates southward to the tropical Pacific and northern Australian waters (del Hoyo et al. 1992) . From spring to autumn this shearwater is one of the commonest species in the warmer current off the East Asian continental coastline, however, few papers have ever been published on it. Kuroda (1954) examined osteological details of this shearwater in comparison with other related genera. Kuroda (1966) and Kazama (1973) described inland drifts of fledglings. Yoshida (1962 Yoshida ( , 1981 described in general terms breeding activities on Kanmuri Island in the Sea of Japan. Maesako (1985) clarified the community structure of Machilus thunbergii forests on Kanmuri Island disturbed by the shearwater burrowing activity. Jida et al. (1987) examined the relationship between burrow density and vegetation on Mikura Island in the Izu Islands. Lee and Yoo (2002) estimated population size and described predation on Sasudo Island south of the Korean peninsula. Oka (1994) described Mikura islanders' traditional harvest of old shearwater chicks under a strict policy, which has sustained this marine resource for centuries until the 1980s. Other than these papers, however, little has been published on the species. It remains for the breeding ecological adaptations of the species to be clarified.
The only other Calonectris species is the larger Cory's Shearwater C. diomedia of the Atlantic-Mediterranean region. Round and Swann (1977) studied the general breeding ecology of Cory's Shearwater, and parental feeding and chick attendance also have been studied by Zino et al. (1987 ), Hamer and Hill (1993 , 1994 ), and Hamer et al. (1999 . Intermittent breeding of Cory's Shearwaters is known of from a long-term study by Mougin et al. (1997) . These studies give us limited comparative information for interpreting the biology of Streaked Shearwaters in the Pacific. To fill in an important gap in the knowledge of breeding adaptation and growth strategy of the Streaked Shearwater, we provide the first detailed account of chick growth and examined postnatal growth patterns and nestling performance throughout the nestling season on Mikura Island, one ended (Oka 1994) . Since then, about a thousand birds have been occasionally killed annually for the purpose of forest protection. The shearwaters are densely distributed on the steep slopes of the Kawaguchi area along the Hirashimizu River in the south part of the island, which is difficult to gain access to along abandoned trails. The shearwater population on the island was preliminarily estimated to be about 1.7-3.5 million birds, (RCTMG 1980 Chicks were individually marked with colored leg bands. A total of 89 chicks (28 at A1 and 19 at A2 in 1985; 42 at A3 in 1990) were measured as follows: body mass, for chicks up to a few days old to the nearest gram using a 100g copper balance and afterwards using a 1kg spring balance; lengths of the exposed culmen and the tarsus, to the nearest 0.1mm using calipers; and lengths of the wing and tail to the nearest mm using a steel ruler. We also examined down loss at A1 and A2. In 1985, we measured chicks in the daytime between 10: 00 and 16: 00 at intervals averaging 4.4 days (range=3-6 days) at A1, and 4.3 days (range=1-10 days) at A2. In 1990 at A3, we weighed chicks in the early morning and before dusk every day and measured lengths every four days. For body mass analysis, we used pre-dusk weights as these were less influenced by variable contents in digestive organs. In 1985, we also measured breeders and non-breeders.
We identified breeders (e.g. adults) either by the presence of a brood patch during the incubating period, and/or because they were found with their egg or chick in the nesting burrow. We regarded birds occupying burrows without an egg or chick as non-breeders. We defined fledging as the date when chicks permanently left their natal burrows, as we found a small number of chicks changed burrows during the fledging period in November (for example, a chick without a color band appeared in one of the empty burrows under study, while another color-banded chick was found in a different burrow 1.5m away from its natal burrow. We analyzed the overall growth of chicks at A2 and A3.
To assess the impact of mammalian nest predators, we set ten iron-mesh live traps baited with small pieces of fish sausage in areas A1 and A2 in October and checked traps over a 20-day period (i.e. five checks at four-day intervals).
Aging and growth curve Hatching dates were known for 18 of the 42 chicks studied in A3. The ages of the remaining chicks were estimated using regressions of chick body mass, and exposed culmen and tarsus lengths of known-age chicks (all of which were highly correlated; see Table 1 ). The development of bony parts, such as the mandible and legs, which are partly measured through culmen and tarsus length, have previously been shown to be independent of nutritional conditions in shearwaters (Oka 1989).
To determine chick growth rate and characteristics of the body parts, the daily where V is the value of body parts at age t in days, A is the asymptote or value plateau achieved, the constant ti is the age at the inflection point and k is the overall growth rate constant. The daily growth rate was estimated by differentiating the above formula with respect to time (t). Mean body weight declines prior to fledging were regressed using an exponential curve. The fitting of those equations was based on the least-squares method, two-tailed and the level of significance 5%.
Results
Chick hatching and fledging 22-day period (2-24 August), with most hatching between 14 and 21 August ( Fig. 2-a) . Nariko Oka, Hitoshi Suginome, Norio Jida and Naoki Maruyama 68-93, n=31) ( Table 2 ). Most parents (20 out of 31) ceased feeding their chicks between 2 and 8 November. There was a significant relationship between age at last feeding and fledging age (Fig. 3) . Chicks remained in their natal burrows for nine days after last the natal burrow at night. This desertion period accounted for about 10% of the 91-day nestling period on average. To describe chick growth patterns, we examined changes in the pooled body mass data during the nestling period . Changes in body mass were divided into three stages. The first stage was a rapid weight increase period lasting for 58 days after hatching from mid August to early October . By mid September, chicks attained mean adult body mass at about 40 days old and then continued to add weight for three weeks (Fig. 4-a2 & 4-b) . During the second stage, body mass reached a plateau in October for about three weeks, including peak mean body mass (739 g) at 68 days old in mid October which was 34% heavier than mean adult body mass (552 g) in early August . Peak mean mass was 734g for A2 (33% heavier than mean adult body mass) (Fig. 4-b) . The third stage was characterized by continuous body mass decrease for another three weeks from the end of October to fledging in mid November (Fig. 4) .
Body mass growth in A3 during the first and second stages were better fitted to the Gompertz formula, with the error mean square (EMS) of 462 by date and 859 by age, than the logistic curves with EMS 632 and 1,509, respectively. Similar trends were found in A2. The asymptote values of the curves by date (794g) and age (798g) were theoretically regarded as the maximum weights during the nestling period. Both values were higher, but within one SD of the actual values. The growth rate constants ks of the Gompertz formula both for date and age were 0.05 (Table 4) .
Decreases in body mass by date and age closely fitted exponential curves (r2=0.94 for date; r2=0.96 for age), when data for an extremely heavy chick left behind at fledging was excluded.
Chicks lost 30% of peak body mass over the last three weeks and mean fledging 3-b), which did not differ significantly from each other (t-test, t=0.1577, df=39, ns), and showed no significant difference from mean adult or sub-adult body masses in mid summer (552g) or in autumn (508g) (t-test, all ns) (Table 3-c).
In area A3, body mass increased during the first stage from 7.5g/day just after hatching to a maximum of 13.8g/day at 22 days old ( Fig. 5-a ) in early September, and then decreased toward the end of the second stage. In the third stage, the daily loss of body mass was only 3.2g/day at the beginning and was even less by the time of fledging.
During the very early nestling stage in August, all individuals gained mass on most days, while afterwards, from early September to early November, they increased body mass in an erratic pattern at intervals of from a few days to a week (Fig. 6 ). During the last nestling period in November, they fledged in the course of their weight loss phase.
Tarsus and exposed culmen length Tarsus and exposed culmen lengths increased rapidly in the early nestling period . At hatch, chicks measured about 38.2% and 41.5% of mean adult tarsus (50.8mm) and exposed culmen (49.2mm) lengths, respectively (Table 3 -a & 3-c).
Both growth curves fitted better logistic curves (EMSs=0.38 and 0.98 for tarsus and culmen, respectively) than the Gompertz formula (EMSs=0.85 and 1.28 for tarsus and culmen, respectively), with the overall growth rate ks at 0.08 and 0.05 for tarsus and culmen, respectively (Table 4 ). Peak growth rates were attained at 12 days old (1 mm/ day) for the tarsus and nine days old (0.6 mm/day) for the culmen, respectively (Fig.  5-b) . They continued to develop afterwards until about 50 and 60 days old, respectively. Growth had almost stopped by the start of the desertion period when parents had left their colony (Fig. 5-b) . At fledging, chicks had reached adult culmen length, but had a 2.4%
Wing and tail length
On hatching, the unfeathered wing was about 7.7% of mean adult wing length (Table   3 -a). As primary feathers grew, wing length increase better fitted the logistic curve (EMS =141) than the Gompertz formula (EMS=190) ( Table 4) . Primary feathers grew slowly (Fig. 7-c) , reaching a maximum rate (4.3 mm/day) at 75 days old (Fig. 5-c) . Mean wing length at fledging was 302mm, which was 2.6% shorter than mean adult size (310mm) at 39 days old ( Fig. 7-d ), grew quickly, and attained a maximum growth rate (3.0 mm/ day) at 62 days old (Fig. 5-e) . Growth of tail length better fitted the logistic curve (EMS =98) than the Gompertz formula (EMS=190) ( Table 4) . Mean tail length at fledging was 136mm, which did not differ significantly from the mean adult size (138mm) (t-test, t=1.023, df=42, ns). Daily growth rates for feathers were still in the highest phase at the start of the desertion period (Fig. 5-c) . The overall growth rate ks for wing and tail were 0.05 and 0.13, respectively (Table 4) . Some down was lost first from the back and abdomen by 11 October (56 days old), followed by the head, breast, and flank. On 19 October, down was being lost from the head and back of most chicks (9 out of 13), but it was first lost from the neck on 24 October (68 days old). Down was completely lost from the head region by 28 October (72 days old), the back and breast regions by 5 November (80 days old), the flank region by 9 November (84 days old), then lastly from the neck and abdomen. Thus, by the time parents deserted their chicks in their burrows, the chicks had little down left and their plumage was almost completely developed. Fledging success differed among chicks examined in the three areas (see Appendix 1). In area A1, only six out of the 28 chicks examined (21.4%) fledged. No small chicks were found dead or were known to have disappeared during August, however, from early September to mid October, 21 chicks were lost (nine in the first half of September, five in the second half of September, and seven in the first half of October). Another chick was lost in the second half of October. Among the 22 chicks lost, 12 (54.5%) were presumed to have been killed by feral cats or rats, judging from the bite marks on the carcasses that were indicative of killing rather than scavenging. The remaining 10 (45.5%) chicks disappeared during the mid nestling period. The causes of their disappearances were not known, but some of them at least may also have been predated. Overall loss of chicks in Nariko Oka, Hitoshi Suginome, Norio Jida and Naoki Maruyama area A1 was 78.6%.
In area A2, 13 (72.2%) out of 18 chicks fledged. Only one rat-killed carcass was found in the first half of September. Four chicks disappeared (causes unknown) during the first half of the nestling period. Overall chick loss in area A2 was 27.8% (Appendix 1).
In area A3, 28 (68.0%) of 42 chicks fledged. Of 14 chicks that did not fledge, nine (64.3%) disappeared from their burrows during the nestling period, with five going missing during the first half and the mid nestling period and four going missing in the beginning of the fledging period (1-5 November) that were not considered to have fledged, judging both from their age (75-85 days old) and their small body sizes (mass and length). Five other chicks that did not fledge (35.7%) were found dead (Appendix 1), with four dying in their early growth stage (killed or injured by feral cats or rats) and one dying by starvation caused by parental neglect that may have been related to our study activity or an unknown cause.
In area A1, rats were frequently observed moving from burrow to burrow.
Ten rats (about 300mm total length) were captured with live traps in area A1 during October, but none in area A2. The high density of rats in area A1 was probably the result of the area being only about 1km from a garbage dump. The carcasses of a further 11 chicks and 11 adults or sub-adults that were depredated by rats during the nestling season were found in areas away from study burrows in areas A1 and A2. Among them, four chicks and seven adults/sub-adults were headless, having probably been killed by feral cats that were occasionally observed nearby. Four Jungle Crows Corvus macrorhynchos were observed chasing a fledgling before dawn on 13 November 1990 in area A3.
Discussion
The growth rate constant ks of most of the body aspects measured of the Streaked Shearwater chicks was 0.05, indicating that they grew more slowly than most altricial terrestrial birds of a similar size, but were typical of semi-precocial birds (Ricklefs 1968 , Warham 1990 ). The 33% and 34% higher asymptotic weights of chicks than adults and the long nestling periods (90 and 91 days) over two breeding seasons, were typical among pelagic birds (Oka 1989 , Warham 1990 ).
The burrows that Streaked Shearwater chicks hatch in provide an ideal environment, as they are protected from rainfall and wind, with stable cooler air temperatures than outside during the hottest summer months in mid latitudes. Parents, however, did stay with their neonates covered with down for an average of four days. These semi-precocial shearwater neonates possibly do not need their parents to provide them with warmth, as a neonate attended shortly (even for just one day) showed no signs of emaciation and grew well. The chicks may develop homeothermy very quickly, as do other shearwaters (Short-tailed) whose neonates are able to maintain essentially adult body temperatures (Farner & Serventy 1959) . This being the case, parents attend their neonates not in order to warm them, but to provide some protection against predation and to provide meals, as early development of homeothermy of neonates incurs physiological costs in the form of higher catabolic requirements, caused by metabolic heat production, having tissues with a high thermogenic capacity and a high digestive capacity to enable high thermogenic heat production (Visser 1998 ).
Moreover during the initial phase of rapid development of skeletal parts as well as body mass from one day old, mass-specific energy expenditure (g-1day-1) of very young chicks was presumably larger than afterwards, as has been shown by Brown (1987) for captive penguin chicks in which energy expenditure was high at hatching, peaked within several days, then declined towards fledging. To compensate for the expected high metabolic demand and highest growth rates of skeletal parts and of some internal organs, adults need to feed their chicks small but frequent meals in these early days. These frequent meals in a day occasionally amount to nearly half of a free-living chick's body mass, as shown by Lee and Yoo (unpublished data) , and resulted in a doubling of chick body mass within a week of hatching among the chicks we studied. Precocial bony parts, such as bills and legs, showing the highest growth rates during the neonate stage, functionally permit chicks to receive large meals and to support their body while parents regurgitate meals for them. In other (Short-tailed) shearwater species, younger chicks have been shown to digest food more efficiently than older chicks (Oka 1991). Thus chicks were considered to be able to attain substantial growth from the very early nestling period. Given the low, and decreasing body mass of breeders during late August, this first nestling period may cost parents energetically, partly because prolonged starvation results from chick attendance and/or probable repeated short-trips to nearby waters to provision their very young chicks.
Chicks had two distinct growth phases: the first involving rapid development of skeletal functionality, and the second involving the acquisition of flight capability. Judging from these different developments of body part lengths, time allocation in developing the associated muscles may also occur. The leg muscles should inevitably develop to precede pectoral muscles from early nestling period, whereas given the delayed development of wing feathers, the pectoral muscles develop intensively during the late nestling period, as has been shown in an albatross (Reid et al. 2000) and another shearwater species, in which demand of protein increases with the increase of muscle mass (Oka 1991). Chicks produced almost all of their contour feathers (body and flight feathers) from the middle to the second half of their nestling period. Feather growth increases amino acid metabolism and results in concentrating highly nutrient (protein) demand in the second half of the nestling season, as feathers consist of 95% protein (Payne 1972) .
As for the nutrient rich food supply (proteins, calcium, and other necessary nutrients) that chicks need, parents have to collect them from foraging areas close to the nesting island, as marine organisms are digested rather quickly in their stomachs. In other words, food resources close to the shearwaters' breeding sites should be preserved and sustained throughout the long nestling period for the shearwater chick growth. The erratic body mass increase shown by chicks, results from the intermittent nature of parental provisioning, which occurs at intervals of from a few days to a week throughout the nestling period (Oka & Suginome, in preparation) . Parents were probably alternating Nariko Oka, Hitoshi Suginome, Norio Jida and Naoki Maruyama between short-and long-range foraging trips; chick mass increase may correspond to parent' daily short trips within the breeding waters, while chick mass decrease may correspond to parent' long-range trip to waters far from the breeding site. Further research is necessary to establish whether this erratic growth pattern in Mikura nestlings is common for the species or not, or whether it varies depending on differing marine environments in the breeding waters, though such a combination (short-and long-range) foraging strategy has been recently described from other species of shearwaters and albatrosses (Weimerskirch 1998 , Schultz & Klomp 2000 , Weimerskirch et al. 2000 .
The two months period of obesity experienced by shearwater chicks clearly plays an extremely important role in allowing parents to be away from their nestlings frequently or for prolonged periods. The meals fed to chicks contain paste-like semi-digested material and oil (Oka pers. obs.). The stomach oil commonly produced by Procellariiformes (Roby et al.1986 ) is considered to be dietary in origin (Jacob 1982) , and is high in energy (about 40 kJg-1) (Warham et al. 1976 ). Rice and Kenyon (1962) found that such stomach oil was the sole food of the neonates of two species of albatrosses (Black-footed Diomedea nigripes and Laysan D. immutabilis) in the central Pacific, and Prince (1980) also found that oily liquid comprised half of the meals given to the chicks of two other albatrosses (Gray-headed D. chrysostoma and Black-browed D. melanophris). This energy rich oil clearly contributes significantly to mass increase from soon after hatching and to the capacity for shearwater chicks to exceed parental weights for two months.
Weight recession to adult mass prior to fledging is probably related to the reduced parental provisioning, and the loss of water from tissues reaching functional maturity (Ricklefs et al. 1980) . A proportional decrease in water and an increase in crude protein were found in the pectoral muscles of chicks during the mass recession stage prior to fledging in the Short-tailed Shearwater (Oka 1991). This weight recession probably serves to facilitate chicks reaching optimal wing-loading. After the long (90 day) nestling period, chicks gained adult body mass and almost fully functional flight feathers, which may facilitate their migration soon after fledging. Conspicuous differences in fledging success among the three study areas was clearly due to depredation by introduced mammalian predators (i.e. feral cats and rats). The least successful area (21% of chicks fledged) had a high rat density and was close to a garbage dump. Although we did not identify the rat species on Mikura Island, it is probably the roof rat Rattus rattus, which is common on the Izu Islands according to Kobayashi and Yachimori (2000) . This rat has a body mass of about 150g and a total length of 385mm (including a 200mm tail), making it large enough to prey on shearwater eggs and chicks. The low breeding success of Streaked Shearwaters on Sasudo Island, in southern Korea, was found to have been the result of depredation by Norway rats Rattus norvegicus (Lee & Yoo 2002) . Similarly, the northernmost population of Streaked Shearwaters at Oshima Ohshima Island in the Sea of Japan has not been able to recover to earlier population levels due to impacts from introduced Norway rats (Ogi et at. 1995). Another mammalian predator, the feral cat, on Mikura Island also hunts for prey at night and is able to enter shearwater burrows. Burrows are deep (1.0-2.4m), their shapes are varied with entrances that are 10-20cm wide (horizontal diameter) and 10-15cm high (vertical diameter), and nest chambers are 20-30cm wide and 10-25cm high (Jida et al. 1987) . Once cats learn to hunt for shearwater chicks in burrows, they often become specialized predators on this prey resource. At a colony of Short-tailed Shearwaters on mainland Tasmania, chicks were heavily depredated by feral cats (responsible for 73% of chick deaths prior to fledging) and fledging success was only 35% (Oka 1989). Effective and enforceable laws are required in order to prevent future introductions of non-native alien animals and plants to islands throughout the Japanese archipelago, furthermore restoration efforts are urgently needed to eradicate cats and other alien animals from islands where seabirds and island-endemic animals breed. 
